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In porous materials the frame elasticity and its coupling with the surrounding fluid (e.g. air) 
are crucial for their sound absorption and transmission. In this contribution the elastic moduli 
of a porous material are determined. The longitudinal and shear wave velocities of a porous 
layer are estimated by means of a Lamb model, fitting the experimentally obtained Lamb 
wave velocity dispersion curves of two propagation modes, S0 and A0, measured over a fre-
quency range up to 1400 Hz. The obtained value for the shear wave velocity is shown to be 
accurate and robust, whilst the extraction of the longitudinal wave velocity is hampered by a 
large uncertainty. Consequently, the approach allows for an accurate determination of the 
shear modulus, while the individual estimation of the Young’s modulus and Poisson’s ratio is 
quite challenging.  
1. Introduction 
In porous materials knowledge of the frame elasticity and its coupling with the fluid (e.g. air) is 
important for a correct description of the sound absorption and transmission of those materials. The 
determination of the material properties of this frame elasticity, such as the shear modulus and the 
Young’s modulus, can be estimated on the basis of the frequency- and position dependent response 
due to mechanical excitation. The material parameters of the poro-visco-elastic material can be ob-
tained by fitting a model on to the measured dispersion relationships. 
This paper focusses on the fitting of a Lamb model on the measurement data, considering multi-
ple modes simultaneously. Attention is paid to the uncertainty of the obtained material parameters. 
2. Measurement test set-up 
Guided wave velocity measurements were conducted in a semi-anechoic room in order to re-
duce noise and vibrations from the environment that might deteriorate the measurement. The poro-
visco-elastic foam under investigation was a large piece of Eurocell foam, with a thickness of 5 cm. 
The sample was horizontally positioned as shown in Figure 1. 
The mechanical excitation of the sample was realized by means of an electro dynamic shaker 
(Bruel&Kjaer mini-shaker type 4810), which was driven by the analog output of a data acquisition 
card (Roland Octa Capture UA 1010) and amplified by an audio power amplifier (Crest Audio 
FA601). The mini-shaker was positioned below the horizontally positioned poro-visco-elastic mate-
rial sample that is tested, partly supporting the weight of the sample, as shown in Figure 1. The ex-
citation signal was an exponential swept sine signal
1
, ranging from 100 Hz to 3000 Hz in 2 seconds. 
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The response of the poro-visco-elastic material was measured by means of a laser Doppler vi-
brometer (Polytec controller OFV-5000 and Polytec laser head OFV-505), which recorded the nor-
mal velocity component of the porous material on the upper side of the horizontally positioned po-
ro-visco-elastic material sample, along a measurement line which was chosen right above the point 
of excitation. In order to obtain sufficient light collection, a line of retro-reflecting tape was glued 
on the poro-visco-elastic material, as shown in Figure 2. The retro-reflecting tape is acoustically 
thin and relatively light, thus not affecting the measurements. 
The detection point of the laser was varied by means of an optical arrangement that was posi-
tioned by means of a long-stroke-robot (Isotec rack, Vexta stepping motor), as shown in Figure 3. 
This optical arrangement was moved in horizontal direction such that the laser beam moved along 
the line of retro-reflecting tape that was glued on the poro-visco-elastic material. The optical ar-
rangement also comprises a lens that focuses the laser beam on the line of retro-reflecting tape for 
optimal optical signal retrieval. 
The signal from the laser Doppler vibrometer and the shaker excitation signal were recorded by 
means of a digital oscilloscope (LeCroy type 9310M, dual 300 MHz oscilloscope, 100 Ms/s, 
50Kpts/ch). The dynamic range of the LeCroy type 9310M is 8 bits. The LeCroy oscilloscope was 
set at a sampling frequency of 25 kHz (which is relatively high as the highest frequency of excita-
tion is 3kHz). The length of the time records was set to 2 s (50k samples), yielding a frequency res-
olution of 0.5 Hz. 
 
 
Figure 1 Test set-up, bottom view showing the shaker excitation. 
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Figure 2 Test set-up, top view showing the laser Doppler vibrometer (LDV) and the optical arrange-
ment. 
 
Figure 3 Optical arrangement with long-stroke robot. 
LDV 
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The long-stroke-robot, the electro dynamic shaker and the LeCroy oscilloscope were con-
trolled by means of a computer, running Labview 8.5. The measurement system was fully automat-
ed to allow an unattended measurement. 
The total scan length was 1 m, taking measurements at each 2.5 mm, resulting in 401 meas-
urement points. The shaker was positioned half way the scan length. 
Both the velocity response time-signal of the poro-visco-elastic material and the excitation 
time-signal were simultaneously recorded by the digital LeCroy oscilloscope, thus enabling the de-
termination of the response of the poro-visco-elastic material as function of frequency, using cross-
spectra. No time windowing was used, as the signal was not stationary (swept sine). 
3. Measurement results 
The mechanical response of the porous material as function of frequency and as function of meas-
urement position (x- data),             , is shown in Figure 4a, where 
 
             (1) 
 
and where             is the recorded velocity as a function of time t at position x, and where  is the 
angular frequency,               . Note that in practice              is obtained by means of a cross-spectral 
analysis of both the laser Doppler vibrometry signal and the excitation signal, thus obtaining a much 
better signal-to-noise ratio as a result of the averaging-process, and including both amplitude and 
phase information. 
The response as function of the wavenumber and frequency can be obtained by taking the spatial 
Fourier transform of the x- data, to arrive at the k- domain: 
 
             (2) 
 
where k is the wavenumber along the x-axis. Figure 4b shows the magnitude of the velocity in the 
k- domain. 
 
In order to take the spatial Fourier transform in an optimum manner, without too much leakage (e.g. 
caused by non-periodic behaviour of the digitized signal due to the finite measurement length in the 
spatial domain), a Tukey window
2
 in x-direction was applied before taking the FFT. 
 
  
Figure 4 Dispersion measurement results as function of position and frequency (left) and as function of 
wavenumber and frequency (right) 
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Three modes were extracted from the measurement data in the k- domain (Figure 4b) by 
searching for the maximum peaks (using the Matlab routine “impoly” to define a search area around 
the mode of interest, searching for the maximum in this area at each frequency). Curves of maxi-
mum peak values are shown in Figure 5a. The modes are denoted by A0, S0 and A1, being the 
asymmetric (A) and symmetric (S) modes of the zeroth order (0) and of first order (1). The S0, A0 
type and the A1-type of modes are shown in Figure 6. The lines of maximum             , relating the 
wavenumber k to the radial frequency  are converted into propagation speeds          as function as 
frequency using the relationship 
             (3) 
Results are shown in Figure 5b. The data points in this figure all lie on virtual lines that cross the 
origin (c,)=(0,0), which is caused by the transformation from x- space to k- space, yielding 
finite resolution in k-space, k=1/L, with L being the total scan length (1 m, thus k=1 m-1). 
 
  
Figure 5 Dispersion measurement results as function of wavenumber and frequency, including the 
extraction of discrete values for the wavenumbers (left) and the extracted discrete values expressed as 
propagation speeds as function of frequency (employing Eq. (3)) (right) 
 
   
Figure 6 Snapshot of displacement field of A0-type (left), S0-type (middle) and A1-type (right) type of 
modes 
4. Fitting by an equivalent elastic solid model 
An elastic solid Lamb model as described by Viktorov
3,4
 was used to describe the propagation 
velocities of the longitudinal and shear wave velocities in the porous material. 
 The propagation velocities used in the Lamb model for longitudinal and transverse waves, cL 
and cT, respectively, were taken to be complex. We have assumed that , the ratio of the imaginary 
to the real part of the propagation velocities, is equal between cL and cT, i.e. =(cL)/(cL) 
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=(cT)/(cT), where  denotes the real part and  denotes the imaginary part. The validity of this 
assumption is shown further on in this paper. Employing the Lamb-model, we have computed the 
dispersion relationships, searching for minima of the determinant that follows from the Lamb-
model and the imposed boundary conditions.  In order to restrict the computation time, and in view 
of only the real part of the wave propagation velocities being available, the roots of the determinant 
were sought in the (real k) - plane only. A search in the (complex k) - plane would be more accu-
rate, but we have verified that in conditions of moderate damping, the deviation between the found 
roots and their exact value is quite small. 
 Computing the effect of variation of the model parameters (cL), (cT) and =(cL)/(cL) 
=(cT)/(cT), shows that (cT) has the largest influence on the dispersion curve (see Figure 7). The 
value of (cL) has much less influence. The effect of the imaginary to real part ratio parameter  is 
very limited (note that in Figure 7 the three parameters are varied with different variations, as men-
tioned in the legend). For that reason it was decided for the further fitting analysis to vary only the 
model parameters  (cL), (cT) and to keep  to a fixed, arbitrary value of 0.01.  
Computing the dispersion relations by means of the Lamb model, for a large range of longi-
tudinal and shear wave velocities cL and cT, respectively, the cost function, expressing the fitting 
error can be calculated as: 
 
             (6) 
 
where               is the fitted phase velocity, for either the S0 or A0 mode, at angular frequency     ,  
and where                        is the measured propagation speed at frequency     .  
 Minimizing this relative error for both the S0 or A0 modes simultaneously by means of an 
optimization, asssuming the ratio of imaginary to real part of the propagation speed, , to be equal 
to 0.01, gave an optimum at (cL)=120.3 m/s and (cT)=49.7 m/s. The dispersion relationship as 
computed by the Lamb model for the A0 and S0 modes, together with the experimentally obtained 
data is shown in Figure 8b (right). The cost function was calculated considering the S0 and A0-
modes simultaneously.  
 The natural logarithm of the total error, including both the S0 and the A0 modes, is plotted 
in Figure 8a (left). It nicely shows the global minimum (see red circle). From Figure 8a (left) it can 
be seen that whilst the shear wave velocity can be determined with certain accuracy, the estimation 
of the longitudinal wave velocity is hampered by a large uncertainty. This uncertainty can be as-
sessed by plotting the error as function of either cL and cT. As the valley of minimum error-values is 
nicely oriented along the cT and cL-axes, such a plot will give the maximum error directly (as op-
posed to the situation that the valley is oriented along an angle with the cL and cT axis, indicating a 
dependency of the two variables, which is not the case here). Such a plot, where the error is normal-
ized to the minimum value of the error (i.e. the optimum) is plotted in Figure 9a and Figure 9b for 
the error as function of cL and as function of cT, respectively. The uncertainty can be determined by 
considering the values for cL and cT, respectively, where the error is a factor 2 larger than the 
minimum error
5
. 
Using this uncertainty rule (see the circles in Figure 9 indicating the values at which the error 
is twice the minimum error) the estimate of the shear velocity, cT,  is 503 m/s. The estimate of the 
longitudinal velocity, cL, only has a lower limit and is given by 120+–40 m/s. 
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Figure 7 Effect of varying model parameters cL (left, variation 10%), cT (middle, variation 5%) and  
(right, variation factor 5) on the dispersion relationships of A0,S0 and A1 type of modes, according to 
the Lamb model. Nominal values: cL=105.7 m/s, cT=47 m/s, =0.01  
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Figure 8 Error landscape as function of cL and cT (left) and  
optimization fit results: (cL)=120.3; (cT)=49.7;   (fixed)=0.01 (right) 
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Figure 9 Normalized value of the cost function versus cL (left) and cT (right). 
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From the estimated velocity for shear waves, cT, the shear modulus  can be estimated as fol-
lows: 
              (7) 
which gives  = (3.11  0.37)105  N/m2, where a density of 126  [kg/m3] was used. This density was 
measured by weighting the sample and measuring its volume.  
 
The Young’s modulus can also be determined from cL and cT: 
                                           (8) 
giving together with  : 
 
             (9|) 
 
This yields a ‘fitted’ value for the Young’s modulus E of  8.7x105 N/m2, with a lower bound of  
6.6x10
5
 N/m
2
 (the value of E for cL=80 m/s (it’s lowerbound), and cT= 49.7 –2.9 = 46.8 m/s), and 
an undefined upper bound. 
5. Conclusions 
The feasibility to determine the elastic parameters of a poro-visco-elastic layer of Eurocell 
foam with a thickness of 5 cm from Lamb wave velocity dispersion curve was verified. The propa-
gation velocity of shear waves, cT, was determined to be (503) m/s, giving a shear modulus  = 
(3.10.4)105  N/m2.  
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